e ultrasonic vibration is used to enhance the capability of the abrasive water micromachining glass. And, the ultrasonic vibration is activated on the abrasive waterjet nozzle. e quality of the flow is improved, and the velocity of the abrasive is increased because of the addition of the ultrasonic energy. e relevant experimental results indicate that the erosion depth and the material volume removal of the glass are obviously increased when ultrasonic vibration is working. As for the influence of process parameters on the material removal of the glass such as vibration amplitude, system pressure, distance of the standoff, and abrasive size, the experimental results indicate that the system pressure and vibration contribute greatly to the glass material removal. Also, the erosion depth and the volume of material removal are increased with the increase in the vibration amplitude and system pressure. ere are some uplifts found at the edge of erosion pit. en, it can be inferred that the plastic method is an important material removal method during the machining process of ultrasonic vibration-assisted abrasive waterjet.
Introduction
e quartz glass is widely used in many fields such as military, aeronautics, medical, measurement instruction, and the light industry [1, 2] Because it is a typical brittle and hardto-machine material, the conventional machining process cannot be successfully applied in the glass product production, while abrasive waterjet (AWJ) technology has a great advantage in the production of the glass products, because it has no heat deformation, high machining efficiency, and high accuracy, especially in the glass micromachining process [3] [4] [5] . In order to increase the efficiency of the abrasive waterjet machining glass, the pulsed waterjet has been a research issue, for the reason that it could obtain a greater removal of target material by generating water-hammer effect, for example, Vijay et al. [6] , Chahine et al. [7] , and Ghadi et al. [8] have introduced a kind of pulsed waterjet using an ultrasonic vibration on the nozzle, the jet's energy is pretty low, and the amount of material removal is increased greatly. Zelenak et al. [9] have obtained visualization of pulsating and continuous waterjets by using the PIV processing algorithms, with an aim to obtain waterjet geometry and velocity distribution. Lehocka et al. [10, 11] have studied changes in surface layer and strengthening in subsurface layer of the copper CW004A and brass CW614N machined by pulsed waterjet. eir research result indicates that the pulse waterjet has a great advantage contrasted to the continuity waterjet. With an aim to produce a high-quality pulsed waterjet, Lv [12] and Zhang [13] have used the ultrasonic vibration to activate on the workpiece; their experiments indicate that the material removal rate and the erosion depth of the ceramic are increased when the ultrasonic vibration is working. Vijay et al. [6] and Foldyna et al. [14, 15] have used the ultrasonic vibration which is working on the waterjet nozzle to produce the pulse waterjet; their experiments indicate that the material removal of the metal and marble has been increasing greatly. Although a considerable amount of research has been carried out on ultrasonic vibration-assisted waterjet technology, there is little literature about experimental investigation on the micromachinery of the glass by the ultrasonic vibration-assisted abrasive waterjet. With an aim to investigate the effect of the ultrasonic variations on the micromachinery of the glass by abrasive waterjet, a series of experiments have been carried out, and the e ect of the process parameters, such as vibration amplitude, the system pressure, the distance of stando , and the abrasive diameter, has been considered on the glass material removal vibration amplitude.
The Experimental Setup
e experimental diagram of ultrasonic vibration-assisted abrasive waterjet micromachining glass is shown in Figure 1 . It indicates that the ultrasonic vibration is acting on the abrasive waterjet nozzle.
e experimental equipment of ultrasonic vibrationassisted abrasive waterjet is self-developed, and it is used in the process of micromachining the quartz glass. As shown in Figure 2 (a), the abrasive waterjet system could provide pressure within 0-70 MPa, the system pressure of waterjet in this study is between 5 and 25 MPa, it is pretty low to meet the requirment of micromachining the ceramics materials, and the ultrasonic vibration process of the micromachining is used to decrease the pressure in the experiment. As shown in Figure 2 (b), the ultrasonic auxiliary device provides the vibration with a frequency of 20 kHz, its vibration amplitude is about 20 μm, and the vibration amplitude could vary by changing the ultrasonic horn.
e abrasive is drawn into the nozzle by the compressed air, and the abrasive nozzle is connected with the ultrasonic horn. e waterjet nozzle diameter is 1 mm, the stando distance is within 3-7 mm, and the abrasive supply rate is 2.5 mg/s. e experimental parameters are as shown in Table 1 . ey include the system pressure, nozzle diameter, abrasive supply rate, stando distance, the frequency and amplitude of ultrasonic vibration, and the property of abrasive. e mechanical properties of quartz glass are as shown in Table 2 .
e erosion surface morphology of experimental samples is observed, and the experimental data are analyzed with the help of the instrument of Keyence 3D Laser Shape Measurement (VK200). 
The Experimental Result and Its Discussion
Figures 3(a) and 3(b) show the erosion surface morphology of experimental sample both with and without the ultrasonic vibration. Figure 3 (a) indicates that there are some pits on the surface of the glass which is machined by abrasive waterjet; the diameter of the pit is about 1.5 mm, the maximum depth of the pit is about 8.2 μm, and the plastic deformation zone is around the erosion pit. Figure 3(b) shows that the diameter of the erosion pit increases, and the maximum depth of the erosion pit becomes deep when the ultrasonic vibration is applied. 4(b) indicate that the erosion depth and the material removal amount increase obviously when the ultrasonic vibration is applied, especially the material removal amount increases greatly, while the horizontal width of the erosion area increases slightly. erefore, it could be inferred that the ultrasonic vibration improves the processing capacity of the abrasive waterjet.
Figures 5(a)-5(c) show the erosion surface morphology of experimental sample with di erent amplitudes.
eir changing tendency could be inferred from Figure 6 . 
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Figures 6(a) and 6(b) show, respectively, the in uence of amplitude on erosion depth and material removal amount of the quartz glass. ey indicate that there is an optimized value of the amplitude, such as the 17 μm, to gain the largest erosion depth and the greatest material removal amount. It is mainly because with an increase of amplitude, the disturbance degree of the waterjet will become large and the abrasive inside the waterjet will be activated; thus, the energy of the waterjet increases, the abrasive is accelerated, and the impact force is obtained. en, the deformation of the material removal amount and the erosion depth increases, but the direction of abrasive movement could be changed if the waterjet undergoes a serious disturbance. us, the material removal amount and the erosion depth will decrease.
Figures 7(a)-7(e) show the erosion surface morphology of the quartz glass under the condition that the waterjet pressures are 5 MPa, 10 MPa, 15 MPa, 20 MPa, and 25 MPa, respectively, the abrasive grain is #320, the abrasive supply rate is 2.5 mg/s, and the processing time is 8 s. Figures 8(a) and 8(b) show the in uence of waterjet pressure on erosion depth and material removal amount. Figure 8(a) indicates that the erosion depth becomes distance. e reason is that the di usion degree increases when the stando distance increases, and the energy and the speed decreases so that the deformation amount, the erosion depth, and the horizontal erosion area are decreased. Figures 11(a)-11(c) show the erosion surface morphology of the experimental sample under the condition that the abrasive grains are #280, #320, and #400, respectively, the waterjet pressure is 20 MPa, the target distance is 5 mm, the abrasive supply rate is 2.5 mg/s, and the processing time is 8 s. Figures 12(a) and 12(b) show the in uence of abrasive size on the erosion depth and material removal amount. ey indicate that the erosion depth and the material removal amount increase rstly and then decrease subsequently with an increase of abrasive size. ere is an optimized value of the abrasive size (#320) to gain the largest erosion depth and the greatest material removal amount. e kinetic energy and the erosion ability are very great when the abrasive is mixed with waterjet.
e small abrasive grain which the energy acts on could easily obtain the high velocity of the individual particle.
us, the material removal amount and the erosion depth are also very large. erefore, the smaller the abrasive grain is, the deeper the erosion depth becomes and the more brittle the removal method gets.
The Erosion Mechanism Analysis
Figures 13(a) and 13(b) show the erosion surface morphology of quartz glass. ey indicate that there is brittle fracture, crushing, and shedding on the surface of quartz glass, for the reason that the fracture of quartz glass is smaller, whereas there is also a big crack zone on the surface of quartz glass, which is mainly due to a large number of microcracks and surface defects existing on the surface of brittle materials.
e experiment result also shows that the plastic deformation is very small at the edge of erosion pit, and it is rugged obviously at the bottom of erosion pit. But, there are still some uplifts which are found at the edge of erosion pit. It is indicated that the plastic method is also the same as the material removal method during the machining process of ultrasonic vibration-assisted abrasive waterjet, just as shown in Figure 14 .
Conclusions
e experimental study of the ultrasonic vibration-assisted abrasive waterjet micromachining the glass is performed.
e depth of the erosion and the amount of material volume removal are obviously increased when the ultrasonic vibration is applied. e e ciency of the abrasive waterjet is 8 Advances in Materials Science and Engineering obviously increased. e moving behavior of the abrasive is changed because the waterjet flow field is seriously disturbed when ultrasonic vibration is applied, and the positive or negative rule will play on the abrasive movement which is decided by the property of the waterjet. Meanwhile, the erosion mechanism is also changed when the ultrasonic vibration is applied, because the plastic deformation becomes an important removal method as for the glass. is is helpful to gain a high-quality surface of the glass products, and this technology could be used in glass surface polishing.
Conflicts of Interest
e authors declare that there are no conflicts of interest regarding the publication of this paper.
